Interneurons in the olfactory bulb (OB) are generated not only in the developing embryo but also throughout the postnatal life of mammals from neuronal precursor cells migrating from the anterior subventricular zone (SVZa) of the mammalian forebrain. We discovered that the OB secretes a diffusible activity that attracts these neuronal precursor cells. The attractive activity is present in specific layers in the OB, including the glomerular layer but not the granule cell layer. The attractive activity and the neuronal responsiveness persist from embryonic through neonatal to adult stages. Removal of the rostral OB significantly reduces SVZa migration toward the OB, an effect that can be rescued by a transplant of the OB but not by that of the neocortex. The activity in the OB is not mimicked by the known attractants. These results provide an explanation for the continuous migration of SVZa neurons toward the OB, demonstrate an important role of the OB in neuronal migration, and reveal the existence of a new chemoattractant.
Introduction
The olfactory bulb (OB) plays a central role in relaying olfactory information from the olfactory epithelium to the olfactory cortex (Farbman, 1991; Greer, 1991; Axel, 1995; Buck, 1996; Dulac, 1997; Mori et al., 1999; Mombaerts, 2001; Marin et al., 2002; Wong et al., 2002) . A fascinating feature of the OB known for a long time is that the OB is continuously supplied with newly generated interneurons even during the adult life.
The major interneurons in the OB, the periglomerular and granule cells, are derived from neuronal precursor cells that migrate from the lateral ganglionic eminences (LGE) in the embryo (Wichterle et al., 2001 ). Postnatally, they are derived from neuronal precursor cells that migrate in the rostral migratory pathway (RMS) from the anterior subventricular zone (SVZa) in the lateral ventricles of the forebrain (Hinds, 1968; Altman, 1969; Bayer, 1983; Corotto et al., 1993; Luskin, 1993; Lois et al., 1994 Lois et al., , 1996 . The continuous generation of SVZa neurons and their migration to the OB in adult mammals has been found not only in rodents (Altman and Das, 1966; Hinds, 1968; Altman, 1969; Bayer, 1983; Lois et al., 1994 Lois et al., , 1996 but also in primates including New World monkeys (McDermott and Lantos, 1990) , Old World monkeys (Lewis, 1968; Kaplan, 1983; Gould et al., 1999; Kornack and Rakic, 2001; Pencea et al., 2001) , and humans (Pincus et al., 1998; Kukekov et al., 1999; Weickert et al., 2000) . In primates, SVZa neurons have to migrate several centimeters to reach the OB (Kornack and Rakic, 2001; Pencea et al., 2001) . Persistent neuronal migration has also been demonstrated in other regions of the brain (Eriksson et al., 1998) ; therefore, the OB provides a useful model to understand a process of general importance in the brain (Altman and Das, 1966; Hinds, 1968; Altman, 1969; Bayer, 1983; Kishi, 1987; Luskin, 1993; Lois and Alvarez-Buylla, 1994; Menezes et al., 1995; Alvarez-Buylla, 1997; Goldman and Luskin, 1998; Wichterle et al., 2001) .
Despite the importance of neuronal migration to the OB, its mechanisms are still not well understood. At the cellular level, the septum in the forebrain and the ventricular zone contains repulsive activities for the SVZa neurons Zhu et al., 1999) . At the molecular level, the polysialylated neural cell-adhesion molecule is important for SVZa migration (Tomasiewicz et al., 1993; Bonfanti and Theodosis, 1994; Cremer et al., 1994; Ono et al., 1994; Rousselot et al., 1995; Wichterle et al., 1997; Chazal et al., 2000) . Recent evidence suggests that Slit, a secreted repellent for axons (Brose et al., 1999; Kidd et al., 1999; Li et al., 1999; Wong et al., 2002) , is expressed in the septum and ventricular zone Zhu et al., 1999) and can repel both the postnatal SVZa neurons (Hu, 1999; Wu et al., 1999) and embryonic LGE neurons (Zhu et al., 1999) . However, there is no evidence that Slit can guide neuronal migration in the entire RMS Chen et al., 2001) . In vitro, Slit can only act on neurons within the distance of 1 mm , and it is possible that Slit is involved in driving newly generated neuronal precursor cells from the subventricular zone (Zhu et al., 1999) but not in guiding their migration later in the pathway. It is therefore unknown how neuronal precursor cells are targeted to the OB. Here, we report that the OB contains a diffusible attractant for the SVZa cells, which is in contrast to previous conclusions that the OB has neither attractive nor repulsive activities Kirschenbaum et al., 1999) . Removal of the rostral OB significantly reduces the migration of SVZa cells in the RMS toward the OB. This chemotropic activity in the OB persists from embryonic to adult brains.
Our results demonstrate a critical role for the OB-derived attractive activity in directing the SVZa neurons to the OB.
Materials and Methods
Animals. Timed pregnant and adult Sprague Dawley rats were obtained from Charles River Laboratories (Wilmington, MA). For postnatal staging, the date of birth was regarded as postnatal day (P) 0.
Dissection of explants and coculture experiments. Brains from prenatal and postnatal rats were dissected and embedded in 4% low melting-point agarose prepared in PBS. Coronal and sagittal sections of 200 -300 m were obtained by a vibratome. Tissues from the SVZa, RMS, and subventricular zone of the LGE were isolated, as described previously Zhu et al., 1999) , and trimmed into blocks of 100 -200 m. The trimmed tissues and explants were embedded in the mixture gel (3:2:1 of collagen:matrigel:medium) and cultured with DMEM (Invitrogen, San Diego, CA) containing 10% fetal calf serum (FCS) and 100 U/ml of penicillin and 100 g/ml of streptomycin at 37°C in an incubator with 5% CO 2 for 12-18 hr. When coculturing the different layers of the OB with the SVZa, OB explants were wrapped in a membrane filter (0.45 m; Millipore, Bedford, MA) to prevent cells from migrating from the granular cell layer (GCL) of the OB, which interfered with the observation and counting of cells migrating from the SVZa or the RMS. Explants from different layers of the OB were made, and some were used for the coculture experiments whereas others were fixed in 4% paraformaldehyde (PFA) at 4°C overnight. The 20 m sections were made by cryostat sectioning of frozen samples. Cresyl violet was used to stain these sections.
For coculturing cell aggregates with neural explants, we used human embryonic kidney (HEK) cells stably expressing netrin-1 and stromal derived factor (SDF-1) and HEK cells transiently transfected with Semaphorin 3A, Semaphorin 3B, and ␤-netrin cDNA. Aggregates of cells were made by the hanging-drop method (Fan and Tessier-Lavigne, 1994) .
Slice assay. Sagittal sections of postnatal rat brains of 200 m were cut with a vibratome. Those containing the OB, RMS, SVZa, septum, and entire neocortex were collected and transferred onto a piece of Millipore filter (HABG 01300; 0.45 m pore size; 13 mm diameter). A small piece of 1,1-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI) crystal (Molecular Probes, Eugene, OR) was inserted into the middle part of the RMS. The slices were cultured with DMEM containing 10% FCS, 100 U/ml of penicillin, and 100 g/ml of streptomycin at 37°C in an incubator with 5% CO 2 for 15-20 hr. The tip of the OB was removed by using a tungsten needle. In the rescue experiments, we transplanted either a piece of the neocortex or a tip of the OB from another slice to a slice from which the tip of the OB was removed.
Immunocytochemistry. Tissues were fixed with 4% PFA overnight at 4°C. After washing in TBST (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Triton X-100) three times, the explants were treated by the blocking buffer (5% normal goat serum in TBST) for 1 hr at room temperature. Incubation with the primary antibody [mouse monoclonal class III ␤-tubulin (TuJ1) at 1:200, or rabbit polyclonal anti-GABA antibody at 1:1000, in TBST containing 5% BSA] was performed overnight at 4°C. After three washes in TBST, goat anti-mouse conjugated to Cy3 and goat anti-rabbit conjugated to Cy2 in TBST was added for 1 hr at room temperature and washed before being mounted with glycerol.
Quantitative analysis. Explants were fixed with 4% PFA and stained with Hoeschst 33258 (Sigma, St. Louis, MO). Images of Hoeschst-stained cells were obtained from a Spot digital camera and saved in the computer. The number of cells in the proximal and distal quadrant was counted, and the proximal/distal ratios were calculated as described previously (Zhu et al., 1999) . Images of DiI-labeled cell migrating in slices were taken and stored. Anterior/posterior ratios were calculated from the number of cells in the part anterior to the DiI insertion site divided by those in the part posterior to the DiI insertion site. Data were analyzed using Student's t test.
Results
The presence of a chemoattractive activity in the OB In our efforts to study mechanisms guiding neuronal migration to the OB, we tested whether the OB could regulate SVZa migration by using explant coculture assays Wu et al., 1999) . When explants of the SVZa from P4 rats were cultured for 24 hr in the mixture gel, cells migrating from the explants were distributed symmetrically around the circumference of each explant (Fig. 1 B) . In contrast, after SVZa explants were cocultured with the tip of P4 OB, the distribution of migrating cells was asymmetric with a higher number of cells in the quadrant proximal to the OB than that in distal quadrant (with asymmetric migration observed in 539 of 627 explants) (Fig. 1 D) . When SVZa explants were cocultured with an explant of the neocortex, the distribution of migrating cells was symmetric (129 of 137 explants) (Fig. 1C) . To quantify the distribution of migrating cells, the area surrounding each explant was divided into four quadrants; the number of cells in the proximal quadrant was compared with that in the distal quadrant. The proximal/distal ratio of cells migrating from SVZa-OB coculture is significantly higher than that of SVZa-neocortical explant cocultures ( Fig.  1 H) . The neuronal and GABAergic nature of the cells migrating from the SVZa explants was confirmed by immunocytochemistry with the TuJ1 antibody and the anti-GABA antibody (Fig. 1 E 
-G).
These results indicate that the OB contained a chemoattractive activity for SVZa neurons.
To determine whether the OB is only attractive to cells at the SVZa or also to cells migrating along the RMS, the tip of P4 OB was also cocultured with explants from either the anterior or the posterior parts of the RMS (Fig. 2 A) . The OB attracted cells migrating both in the anterior and posterior parts of the RMS (with 312 asymmetric explants of 372 anterior RMS explants, and 236 asymmetric explants of 291 posterior RMS explants) (Fig. 2) . These results indicate the OB is attractive to SVZa cells both at their origin and migrating within the RMS.
Persistent chemoattractive activity in the OB and neuronal responsiveness from embryonic to adult stages
We examined the stages when the chemoattractive activity in the OB and neuronal responsiveness to the OB are present. We isolated explants from the OB at different stages [embryonic day (E) 16, E20, P4, P8, P11, and adult] and cocultured them separately with SVZa explants from P4 rat brains. SVZa cells were migrated toward the OB explants from all stages (89 explants of 98 SVZa explants were asymmetric when cocultured with the E16 OB; 103 explants of 108 SVZa explants were asymmetric when cocultured with the E20 OB; 539 explants of 627 SVZa explants were asymmetric when cocultured with the P4 OB; 137 explants of 146 SVZa explants were asymmetric when cocultured with the P8 OB; 112 explants of 132 SVZa explants were asymmetric when cocultured with the P11 OB; and 64 explants of 80 SVZa explants were asymmetric when cocultured with the adult OB) (Fig. 3) .
When the P4 SVZa explants were cocultured with explants for the neocortex from different stages, the SVZa cells migrated symmetrically surround the explants (42 explants of 46 SVZa explants were symmetric when cocultured with the E16 neocortex; 42 explants of 43 SVZa explants were symmetric when cocultured with the E20 neocortex; 129 explants of 137 SVZa explants were symmetric when cocultured with the P4 neocortex; 86 explants of 95 SVZa explants were symmetric when cocultured with the P8 neocortex; 58 explants of 64 SVZa explants were symmetric when cocultured with the P11 neocortex; and 55 explants of 59 SVZa explants were symmetric when cocultured with the adult neocortex) (Fig. 3) . Quantitative analysis of the proximal/distal ratios indicated very significant differences between the OB and the neocortical explants at all six stages ( p Ͻ 0.001) (Fig. 3) . The result suggests that the chemoattractive activity in the OB was persisted and has an effect on neuronal migration during brain development.
We also examined the responsiveness of neuronal precursor cells migrating to the OB by culturing neuronal explants of different stages with explants of P4 OB. During embryogenesis, interneurons in the OB migrated in the RMS from the LGE (Wichterle et al., 2001) . When E16 LGE explants were cocultured with explants of either P4 OB or neocortex, they were attracted by the OB (Fig. 4 B) (141 asymmetric explants of 206 explants) but not by the neocortex (Fig. 4 A) (113 symmetric explants of 128 explants). When the number of cells was counted in proximal and distal quadrants, the proximal/distal ratio for cells migrating in LGE cocultures with the OB explants is significantly different from that in cocultures of LGE with neocortical explants ( p Ͻ 0.001). Similarly, P4 OB was attractive to SVZa of P8, P11, and P15 rats (Fig. 4) (number of asymmetric explants of the total explants: 157 of 164 for P8, 62 of 68 for P11, and 132 of 146 for P15). Explants of the P4 neocortex did not attract or repel cells from any stages of SVZa (number of symmetric explants of the total explants: 78 of 80 for P8, 78 of 86 for P11, and 87 of 90 for P15). These results indicate that the neurons remain responsive to the OB throughout embryonic and postnatal stages.
Presence of the chemoattractive activity in the glomerular layer and other layers in the OB
The OB is a distinctly laminated structure composed of five layers, including the glomerular layer (GL), external plexiform layer, mitral cell layer (MCL), internal plexiform layer, and granular cell layer (Fig. 5) . To determine the layers containing the chemoattractive activity, sagittal sections of P4 rat brains were made. After repeated efforts, it was possible to separate the layers in three parts: GL (Fig. 5 F, G) , GCL (Fig. 5J ) , and MCL in combination with part of the external and internal plexiform layers (Fig.  5 H, I ). It was not possible to separate MCL from the plexiform layers, and the results shown below for simplicity for MCL are those for the mitral layer and plexiform layers. When the GCL from P4 brains was cocultured with RMS explants of the same stage, the distribution of migrating neurons was symmetric (69 symmetric explants of 77 total explants) (Fig. 5 M, Q) . In contrast, both the GL (Fig. 5 K, Q) and the MCL explants were attractive (number of asymmetric explants of the total explants: 66 of 74 for the GL, and 58 of 61 for the MCL) (Fig. 5 L, Q) . The proximal/distal ratio of GCL cocultures is significantly different from those with the GL and the MCL ( p Ͻ 0.001). We also dissected the GL from the OB of adult rats. The adult GL can be very cleanly dissected without any other layers (Fig. 5 N, O) . It contained the attractive activity, with 87 asymmetric explants of 93 explants (Fig. 5 P, Q) . These results indicate that the GL is attractive throughout the stages, whereas the GCL is not. There is also an attractive activity in the mitral layer or the external or internal plexiform layers, although it is not possible to locate the source because of physical limit in dissection.
Essential role of the OB in directing neuronal migration in the RMS
Although the in vitro coculture assays provided strong evidence that the OB is attractive to the neurons migrating in the RMS from the SVZa toward the OB, they could not establish the role of the OB in vivo. To investigate a possible role of the OB in directing neuronal migration in the RMS, we used the slice assay in which a sagittal section of the P4 rat brain containing the entire RMS from the SVZa to the OB was cultured (Fig. 6 A) Zhu et al., 1999) . A crystal of the lipophilic dye DiI was inserted into the RMS to label neuronal precursors migrating in the RMS from the SVZa to the OB (Fig. 6 B) Zhu et al., 1999) . DiI crystals placed at the juncture of the anterior and posterior parts of the RMS revealed cells migrating both anteriorly and posteriorly (Fig. 6 B) . This allows us to measure the ratio of cells migrating anteriorly over those migrating posteriorly (the anterior/posterior ratio). There are normally more cells migrating anteriorly toward the OB with an anterior/posterior ratio of ϳ2 (Fig.  6 B, D) . When the rostral end of the OB was removed (Fig. 6 A) , the distribution of migrating cells was changed with an anterior/ posterior ratio of ϳ0.6 (Fig. 6C,D) .
To rule out that the observed effect was attributable to mechanic damage, we placed an explant of the OB or the neocortex to the anterior end of the slices from which the rostral OB was removed. The transplanted OB was able to rescue the defect of OB removal and attract more cells to migrate anteriorly (Fig.  6 F, G) . The anterior/posterior ratio after the placement of an OB transplant was 1.5, which was significantly different from the anterior/posterior ratio of 0.6 after the placement of a neocortical transplant (Fig. 6 E, H,I ). Together, results from the OB removal and rescue experiments demonstrated an essential role for the OB in directing neurons in the RMS migrating toward the OB in their natural pathway.
Inability of known chemoattractants to mimic the attractive activity in the OB
We tested whether any of the known neuronal chemoattractants can mimic the activity in the OB. There are five known families of molecules that can guide axon projection and neuronal migration. Netrins are the best known neuronal chemoattractant but can function as chemorepellents for some axons (Colamarino and TessierLavigne, 1995) . Semaphorins usually function as chemorepellents but can also be attractants (Kolodkin, 1996; Raper, 2000) . Ephrins and Slit are axonal repellents (Flanagan and Vanderhaeghen, 1998; Klein, 2001; Wong et al., 2002) . Chemokines, originally identified as attractants for leukocytes, are also attractants for axons and neurons Lu et al., 2001; Bagri et al., 2002; Lu et al., 2002; Xiang et al., 2002; Zhu et al., 2002) .
Because Slit is known to repel SVZa neurons ) and the ephrins are membrane-attached repellents, they are not candidates for the OB attractant(s). We tested whether representative members of the other three families could be attractants for the SVZa neurons by coculturing SVZa explants with aggregates of HEK cells transfected with cDNA expressing netrin-1, sema3, and the chemokine SDF-1. Although netrin-1 could attract axons from the dorsal spinal cord (Fig. 7A) , it repelled SVZa neurons (Fig. 7B) . ␤-netrin, another member of the netrin family (Koch et al., 2000; Yin et al., 2000) , did not affect SVZa migration (data not shown). SDF-1 attracted cerebellar precursor neurons from the upper rhombic lip (Fig. 7C ), but neither attracted nor repelled SVZa neurons (Fig. 7D) . Sema 3A repelled axons from the dorsal root ganglion (Fig. 7E ) but did not affect SVZa migration (Fig.  7F ) . Sema 3B did not affect SVZa migration (data not shown). These results suggest that the OB attractant is unlikely to be a known neuronal attractant.
Discussion
Our results provide the first evidence that the OB secretes a chemotropic activity, and that this activity is important for guiding neurons migrating rostrally from the SVZa toward the OB. The persistence of the attractive activity in the OB from embryonic to adult stages suggests a mechanism that underlies the continuous migration of neurons into the OB. Because newly generated neurons and their migration are important for neural function and plasticity in the olfactory (Gheusi et al., 2000; Cecchi et al., 2001) and other systems (Shors et al., 2001) , the finding of the OB activity not only helps our understanding of OB development but also reveals a new process that can potentially be involved in regulating olfactory signaling and plasticity.
Essential role of an attractive activity in the OB Despite its central role in olfactory information processing, mechanisms that control OB development and plasticity are not well understood. The migration of SVZa cells through the RMS to the OB is important for OB development. A continuous supply of new neurons may allow maximization of odor discrimination, adaptation to changing environmental conditions, and renewing of memories (Gheusi et al., 2000; Cecchi et al., 2001 ). Our results indicate that cell migration toward the OB is controlled by attractant(s) in the OB.
Our previous studies suggested that the secreted protein Slit can repel the SVZa neurons and its expression in the ventricular zone in the SVZa, and other areas may drive SVZa neurons from their origin and keep them in the normal migratory pathways Zhu et al., 1999; Wong et al., 2001 ). Our present study of the OB complements previous studies in revealing an attractant in the OB. It appears that there is both a force to push and a force to pull the SVZa cells toward the OB. The localization of the activity in the glomerular and mitral cell layers also suggests a mechanism underlying the targeting of the SVZa cells into specific layers in the OB.
A previous study with cocultures of the OB and the SVZa led to the conclusion that the OB could not attract or repel SVZa cells . Although the exact explanations for the different results are not clear, the size and position of explants used in the cocultures may contribute to the differences. SVZa explants (100 -200 m in diameter) used in our cocultures are small, whereas the OB explants are 3-4 times bigger than the SVZa explants. The position of the OB explant is important because the glomerular layer should be accessible to the SVZa explants.
In our experiments, removal of the OB in the brain slices significantly reduced the migration of neurons toward the OB. In a previous study, the OB was removed from rats, and SVZa neuronal precursors were found to continue to proliferate in the SVZa and migrate in the RMS (Kirschenbaum et al., 1999) . It was concluded that the OB was not required for SVZa migration toward the OB. Interpretation of results from the previous experiments could have been complicated by the relatively long-term side effects of OB removal, which caused volume changes in the RMS, and by the absence of quantitative analysis (Kirschenbaum et al., 1999) . In our assays, each experiment was internally controlled, because the anterior/posterior ratios were analyzed in each slice. Qualitatively, there were still cells migrating rostrally after OB removal. However, quantitative analyses revealed that there was a significant reduction of rostral neuronal migration. Another difference between our studies and the previous studies is that most of the previous experiments were performed with BrdU labeling, and the results about migration could therefore have been influenced by cell proliferation. The only experiment that did not use BrdU labeling is that shown in Figure 6 of Kirschenbaum et al. (1999) , in which lacZ-expressing SVZa cells from one animal were transplanted into the SVZa of a host ani- mal. In this case, the number of cells migrating anteriorly toward the olfactory bulb appeared to be reduced when the olfactory bulb was removed [ Fig. 6 in Kirschenbaum et al. (1999), compare C, D, E] , which is what we found here. Therefore, the in vivo data in Kirschenbaum et al. (1999) could be viewed as agreeing with our conclusion that the olfactory bulb attracted the SVZa cells.
Localization of the source of the OB attractant(s) and its implications for SVZa migration
The OB activity functions as a diffusible long-distance attractant. This conclusion is supported by several results. First, OB explants can attract cells from the SVZa explants, even when these explants are not in contact with each other (Fig. 1) . Second, the OB can attract cells from explants from the origin of SVZa as well as from other locations in the RMS (Fig. 2) . Third, when the rostral OB is removed, rostral migration cells in the middle of the RMS was reduced (Fig. 6) , indicating the OB functions at a distance in the native RMS.
Dissection of the layers in the OB indicate that the glomerular layer clearly has the activity, whereas the granule layer does not. The glomerular layer activity can explain why SVZa cells migrate to this layer to form periglomerular cells. Because SVZa cells also migrate to the granule layer to form granule cells, the absence of any attractive activity in the granule layer is also quite interesting. Because the granule layer is situated between the glomerular layer and the RMS, one possibility is that some SVZa cells end up in the granule layer when they are trapped in the granule layer by a stop signal on their way to the glomerular layer.
Unlike our conclusion about the glomerular and granule layers, we cannot conclude the precise location of attractive activities in the mitral cell layer or the external or internal plexiform layers. This is because of the limited precision of manual dissections: the glomerular and granule cell layers can be cleanly dissected, whereas the mitral cell layer and the external and internal plexiform layers cannot. Molecular and genetic approaches may be essential to further localize the sources of guidance activities in these layers.
Molecular novelty of the OB attractant(s)
The molecular nature of the OB attractant(s) appears to be novel, because previously known attractants do not behave as attractants for the SVZa neurons. Time- lapse recordings have shown directed migration in the RMS and that the inhibition of netrin signaling through its receptor deleted-in-colorectal-cancer by a function-blocking antibody reduced the directionality of some cells in the RMS (Murase and Horwitz, 2002) . Because netrins are usually attractants (Kennedy et al., 1994; Serafini et al., 1996; Yee et al., 1999; Alcantara et al., 2000) , those authors suggested that netrin was an attractant for the SVZa neurons (Murase and Horwitz, 2002) . However, netrin is unlikely to be the OB attractant, both because netrin-1 is not present in the OB continuously (Murase and Horwitz, 2002) and because netrin-1 is now shown to be a repellent for SVZa neurons (Fig. 7) . Others have shown that netrin-2 does not attract SVZa neurons Mason et al., 2001 ), whereas we found that ␤-netrin is expressed in the OB, but it neither attracts nor repels the SVZa neurons.
The chemokine SDF-1 has recently been found to be a chemoattractant for cerebellar granule cells and their precursor cells Lu et al., 2001; Zhu et al., 2002) . However, results obtained here indicate that SDF-1 did not attract or repel the SVZa cells.
An astrocyte-derived migration-inducing activity (MIA), which induces the migration of SVZa cells, was identified recently (Mason et al., 2001 ). However, MIA does not seem to be the OB attractant, because MIA by itself does not attract SVZa cells, and it is present in the RMS. It is possible that the OB activity can also be a motility-promoting factor, which functions in a concentrationdependent manner to cause the effect observed in Figures 1-4 . However, data in Figure 6 indicate that this activity is clearly an attractant, because the ratio of cells migrating rostrally toward the OB over those migrating caudally is reduced. It remains to be formally tested whether the OB activity can enhance the motility of SVZa cells in addition to attracting them.
Because directed migration of neurons is essential to regeneration after injury (Magavi et al., 2000) and neurodegeneration (Nakatomi et al., 2002) , studies of new guidance activities will be useful in designing therapeutic strategies. At this time, there are more known repellents than attractants for axons and neurons. Because neither of the known attractants, netrin and SDF-1, can mimic the activity, our results indicate that there is a novel attractant present in the OB. It will be interesting to molecularly identify the OB attractant(s).
Our slice assays with DiI labeling indicate that, in addition to cells migrating rostrally toward the OB, there are also cells in the RMS that can migrate caudally. This adds a new dimension to neuronal migration in the RMS. It will be interesting to investigate the origin of the rostrally migrating cells and their destination and eventual function. It also suggests that other guidance cues may control caudal migration. C, When the rostral end of the OB was removed, the distribution of migrating cells was changed with reduced anterior migration and increased posterior migration. D, Effect of OB removal in directing neuronal migration in the RMS. The cell numbers were counted from 20 intact sagittal slices and 32 sagittal slices without the rostral end of the OB. E, Cortical transplants could not functionally replace the rostral end of the OB in directing anterior migration. The cell numbers were counted from 32 slices with the rostral end of their OB removed and nine cortical transplants placed at the rostral end of the OB. F, When a cortical transplant was used to replace the rostral end of the OB, the distribution of migrating cells could not be rescued. G, When an OB transplant was placed at the rostral end of the OB after the original rostral end of the OB was removed, the distribution of migrating cells was changed with more cells migrating anteriorly toward the OB. H, I, The cell numbers were counted from 32 sagittal slices without the rostral end of the OB, nine cortical transplants, and seven OB transplants placed at the rostral end of the OB. CTX, Cortex; A/P, anterior/posterior. Scale bar, 100 m. 
